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Genome duplication
Gene duplicationhan other vertebrates, possibly because of a genome duplication event during the
evolution of the teleost (ray-ﬁnned) ﬁsh lineage. To further explore this idea, we cloned ﬁve genes encoding
phosphoinositide-speciﬁc phospholipase C-δ (PLC-δ), designated respectively PoPLC-δs, from olive ﬂounder
(Paralichthys olivaceus), and we performed phylogenetic analysis and sequence comparison to compare our
putative gene products (PoPLC-δs) with the sequences of known human PLC isoforms. The deduced amino
acid sequences shared high sequence identity with human PLC-δ1, -δ3, and -δ4 isozymes and exhibited
similar primary structures. In phylogenetic analysis of PoPLC-δs with PLC-δs of ﬁve teleost ﬁshes (zebraﬁsh,
stickleback, medaka, Tetraodon, and Takifugu), three tetrapods (human, chicken, and frog), and two tunicates
(sea squirt and paciﬁc sea squirt), whose putative sequences of PLC-δ are available in Ensembl genome
browser, the result also indicated that the two paralogous genes corresponding to each PLC-δ isoform
originated from ﬁsh-speciﬁc genome duplication prior to the divergence of teleost ﬁsh. Our analyses suggest
that an ancestral PLC-δ gene underwent three rounds of genome duplication during the evolution of
vertebrates, leading to the six genes of three PLC-δ isoforms in teleost ﬁsh.
Crown Copyright © 2008 Published by Elsevier Inc. All rights reserved.IntroductionTeleost ﬁshes are an extremely diverse group of vertebrate aquatic
animals [1]. The successful radiation of the teleosts has been attributed
to an ancient genome duplication (ﬁsh-speciﬁc genome duplication)
event that most likely occurred just before the teleost radiation (in a
teleost ﬁsh ancestor, but after the split from the “nonteleosts”) [2].
Several pieces of evidence have emerged that support such an event,
most notably the observation that teleost ﬁsh have more copies of
many genes than species in their sister group, the tetrapods (lobed-
ﬁnned ﬁsh, amphibians, reptiles, birds, and mammals) [3–5]. For
instance, seven unlinkedHox gene clusterswere identiﬁed in zebraﬁsh
(Danio rerio) and medaka (Oryzias latipes) genomes, compared to four
of these gene clusters in mammalian genomes. This observation
suggests that aﬁsh-speciﬁc genomeduplication (FSGD) event occurred
before the evolution and radiation of Teleostei [6–8]. More recently,
many studies have demonstrated that many genes in addition to the
Hox clusters are duplicated within ﬁsh genomes, including genes
encoding insulin, receptor tyrosine kinase, and ATPase [4,9–11].
Characterization of the recently completed pufferﬁsh (Tetraodon
nigroviridis) genome, the smallest known vertebrate genome, further
veriﬁed that awhole-genome duplication event occurred in the teleost
ﬁsh lineage [12]. This genome duplication event is referred to as one of08 Published by Elsevier Inc. All rithe causes thatmake twoparalogous genes found in teleost ﬁsh. One of
the two types, “orthology” and “paralogy,” terms introduced by Fitch
[13], is used to deﬁne a homologous sequence. Orthology describes
genes in different species that are similar to each other because they
originated from a common ancestor by speciation. Paralogy describes
homologous genes within a single species that diverged by gene or
genome duplication [14].
Phosphoinositide-speciﬁc phospholipase C (PLC) is a key signal
transduction enzyme involved in a variety of physiological functions,
including hormone secretion, neurotransmitter transduction, growth
factor signaling, membrane trafﬁcking, ion channel activity, and
cytoskeletal regulation [15]. When signal molecules bind to their
receptors on the cell membrane, PLC catalyzes the hydrolysis of
membrane-associated phosphatidylinositol 4,5-bisphosphate (PIP2)
into two second messengers, inositol 1,4,5-trisphosphate (IP3) and
diacylglycerol (DAG). These second messengers initiate a signaling
cascade, resulting respectively in the release of Ca2+ from intracellular
stores and the activation of protein kinase C (PKC) [16,17]. Thirteen PLC
isozymes have been cloned from mammalian species so far, and they
have been classiﬁed into six classes based on structure and activation
mechanism: PLC-δ(1, 3, and 4), -β(1–4), -γ(1 and 2), -ɛ, -ζ, and the
recently discovered –η(1 and 2) [15,18–25]. The PLC-δ isoform is
thought to be an evolutionarily early formof PLC, because to date every
PLC cloned from a nonmammalian species has clearly been a δ isozyme
[26]. PLC-δ contains two catalytic domains (X and Y) and at least three
regulatory domains (C2, EF-hand, and pleckstrin homology [PH]) [15].ghts reserved.
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human andmouse PLC-δ4, meaning that in reality only three isozymes
(δ1, δ3 and δ4) exist in the PLC-δ family [23]. The confusion results
from each PLC-δ isoform having been identiﬁed from a different
organism. To resolve this confusion, we conducted this study in order
to identify all the PLC-δ isoforms from a single ﬁsh species, the olive
ﬂounder (Paralichthys olivaceus). As a result, we report here that the
olive ﬂounder genome has two paralogous genes corresponding to
each of the known PLC-δ1, -δ3, and -δ4 genes in mammalian species,
although the cDNA sequence of other paralogs of PoPLC-δ4 was not
cloned in this study. Our data support the hypothesis that the
paralogous PLC-δ genes found in olive ﬂounder, as well as in other ﬁsh,
were the result of gene duplication before the teleost radiation.
Results and discussion
While isolating and characterizing ﬁsh PLC-δ3 genes in the initial
study, we unexpectedly isolated two unique clones corresponding to
the PLC-δ3 gene, each of which exhibited signiﬁcant sequence
homology with mammalian PLC-δ3 at both the nucleotide and
amino acid levels. This ﬁnding suggests that the olive ﬂounder ge-
nomemight possess more PLC-δ genes than the mammalian genomesTable 1
Sequences used in this study
Sequence for comparison
(human gene symbol)
Species (common name) En
HsPLC-δ1 (PLCD1) Homo sapiens (human) EN
HsPLC-δ3 (PLCD3) EN
HsPLC-δ4 (PLCD4) EN
HsPLC-β1 (PLCB1) EN
HsPLC-γ1 (PLCG1) EN
HsPLC-ε1 (PLCE1) EN
HsPLC-ζ1 (PLCZ1) EN
HsPLC-η1 (PLCH1) EN
DrPLC-δ1A Danio rerio (zebraﬁsh) EN
DrPLC-δ1B EN
DrPLC-δ3A EN
DrPLC-δ3B EN
DrPLC-δ4A EN
DrPLC-δ4B EN
TnPLC-δ1A Tetraodon nigroviridis (spotted green pufferﬁsh) GS
TnPLC-δ1B GS
TnPLC-δ3A GS
TnPLC-δ3B GS
TnPLC-δ4A GS
TrPLC-δ1A Takifugu rubripes (Japanese pufferﬁsh) SIN
TrPLC-δ1B SIN
TrPLC-δ3A SIN
TrPLC-δ3B SIN
TrPLC-δ4A SIN
OlPLC-δ1A Oryzias latipes (medaka) EN
OlPLC-δ1B EN
OlPLC-δ3A EN
OlPLC-δ3B EN
OlPLC-δ4A EN
OlPLC-δ4B EN
GaPLC-δ1A Gasterosteus aculeatus (three-spined stickleback) EN
GaPLC-δ1B EN
GaPLC-δ3A EN
GaPLC-δ3B EN
GaPLC-δ4A EN
GaPLC-δ4B EN
GgPLC-δ1 Gallus gallus (chicken) EN
XtPLC-δ1 Xenopus tropicalis (western clawed frog) EN
XtPLC-δ3 EN
XtPLC-δ4 EN
CiPLC-δ Ciona intestinalis (sea squirt) EN
CsPLC-δ Ciona savignyi (Paciﬁc sea squirt) EN
ScPLC Saccharomyces cerevisiae (Baker's yeast) YP
Note. These sequences were used to design the RT-PCR primer sets for cloning of the initial cD
phylogenetic treewith the protein and DNA sequences of the cloned PoPLC-δs. For human PLC
the Guidelines for Human Gene Nomenclature (http://www.genenames.org/guidelines.htmdescribed to date. To conﬁrm this hypothesis, and to further explore
the evolution of PLC-δ family genes in vertebrate species, we isolated
the remaining PLC-δ family genes in the olive ﬂounder genome.
To begin with, we searched for putative PLC-δ family sequences in
the Ensembl genome database and identiﬁed the predicted transcript
sequences that were similar to PLC-δ gene sequences from zebraﬁsh
(Danio rerio), medaka (Oryzias latipes), fugu (Takifugu rubripes),
pufferﬁsh (Tetraodon nigroviridis), stickleback (Gasterosteus aculeatus),
frogs (Xenopus tropicalis), chickens (Gallus gallus), humans (Homo
sapiens), and two species of tunicates (Ciona intestinalis and Ciona
savignyi) (Table 1). These sequences were used to design the RT-PCR
primer sets for cloning of the initial cDNA clones corresponding to
each of the PLC-δ family genes. We ﬁnally obtained ﬁve full-length
cDNA sequences similar to each human PLC-δ family of genes by using
5′-RACE and 3′-RACE as described in Materials and methods (Figs. S1
and S2). With the exception of PoPLC-δ 4, we classiﬁed these clones as
type A (high similarity to a human PLC-δ isoform) or type B (low
similarity to a human PLC-δ isoform). The cDNA sequences of PoPLC-δs
were deposited in GenBank (Table S2).
The ﬁve cDNAs were 2868–3816 bp long with ORFs that were
2256–2379 bp long, and they encoded predicted proteins that were
751–792 residues long (Table S2). Their predicted amino acidsembl Transcript ID Ensembl Peptide ID Chromosome or genomic
location
ST00000334661 ENSP00000335600 3
ST00000322765 ENSP00000313731 17
ST00000251959 ENSP00000251959 2
ST00000378641 ENSP00000367908 20
ST00000373271 ENSP00000362368 20
ST00000260766 ENSP00000260766 10
ST00000266505 ENSP00000266505 12
ST00000340059 ENSP00000345988 3
SDART00000082141 ENSDARP00000076578 24
SDART00000046098 ENSDARP00000046097 2
SDART00000074905 ENSDARP00000069390 3
SDART00000079784 ENSDARP00000074236 12
SDART00000080741 ENSDARP00000075187 22
SDART00000059593 ENSDARP00000059592 9
TENT00023915001 GSTENP00023915001 6
TENT00015123001 GSTENP00015123001 15
TENT00027858001 GSTENP00027858001 3
TENT00019817001 GSTENP00019817001 Unknown
TENT00027101001 GSTENP00027101001 3
FRUT00000140654 SINFRUP00000140654 Unknown
FRUT00000137912 SINFRUP00000137912 Unknown
FRUT00000161709 SINFRUP00000161709 Unknown.
FRUT00000130433 SINFRUP00000130433 Unknown
FRUT00000128724 SINFRUP00000128724 Unknown
SORLT00000012164 ENSORLP00000012163 20
SORLT00000014882 ENSORLP00000014881 17
SORLT00000003607 ENSORLP00000003606 8
SORLT00000023209 ENSORLP00000023208 Unknown
SORLT00000025622 ENSORLP00000025621 Unknown
SORLT00000018683 ENSORLP00000018682 21
SGACT00000004591 ENSGACP00000004577 GroupXXI
SGACT00000016899 ENSGACP00000016865 GroupIII
SGACT00000012458 ENSGACP00000012434 GroupXI
SGACT00000020203 ENSGACP00000020164 Unknown
SGACT00000020163 ENSGACP00000020124 GroupI
SGACT00000003336 ENSGACP00000003325 GroupXVI
SGALT00000009321 ENSGALP00000009307 2
SXETT00000039978 ENSXETP00000039978 Unknown
SXETT00000007034 ENSXETP00000007034 Unknown
SXETT00000012241 ENSXETP00000012241 Unknown
SCINT00000009405 ENSCINP00000009405 9p
SCSAVT00000001689 ENSCSAVP00000001662 Unknown
L268W YPL268W 16
NA clones corresponding to each of the ﬂounder PLC-δ family genes, and to construct the
family genes, their human gene symbol (HGS) was marked in parentheses according to
l), and HGS was omitted in subsequent texts, tables and ﬁgures.
Table 2
Comparison of sequential identity of amino acids between human PLC isoforms and
PoPLC-δ isoforms
Gene name PoPLC-δ1A PoPLC-δ1B PoPLC-δ3A PoPLC-δ3B PoPLC-δ4
PoPLC-δ1A 100% 63.4% 43.8% 43.5% 49.3%
PoPLC-δ1B — 100% 42.7% 44.3% 45.0%
PoPLC-δ3A — — 100% 69.5% 46.6%
PoPLC-δ3B — — — 100% 47.1%
PoPLC-δ4 — — — — 100%
HsPLC-δ1 53.9% 51.9% 45.6% 45.2% 49.0%
HsPLC-δ3 42.7% 43.5% 50.1% 48.4% 45.8%
HsPLC-δ4 43.8% 42.9% 42.9% 42.6% 55.8%
HsPLC-ζ1 31.4% 32.8% 30.6% 31.5% 35.3%
HsPLC-β1 19.6% 19.8% 20.5% 20.3% 20.0%
HsPLC-γ1 17.8% 18.4% 19.1% 19.2% 19.0%
HsPLC-η1 15.2% 15.1% 15.7% 16.2% 17.2%
HsPLC-ε1 8.8% 9.2% 8.9% 9.1% 9.3%
Note. Sequences were aligned by CLUSTALW (version 1.8). The Ensembl ID numbers of
the human PLC family sequences are given in Table 1. HGS for human PLC family genes
was presented in Table 1.
368 M.-S. Kim et al. / Genomics 92 (2008) 366–371sequences were aligned with each other and with the sequences of
known human PLC isoforms, and the identities are obtained from their
alignments (Table 2). Amino acid sequence comparisons between each
of the PoPLC-δA and B paralogous genes revealed high percentages of
sequence identity (63.4% for PoPLC-δ1 and 69.5% for PoPLC-δ3)
compared to other PoPLC-δ isoforms (42.7–49.3%) (Table 2). This
relatively high sequence identity suggested that for each of the
PoPLC-δ paralogous genes, the types A and Bmay be duplicated genes.
The PoPLC-δ isoforms display the greatest sequence identity to
human PLC-δ isoforms (42.6–55.8%) and the lowest identity to human
PLC-ε1 (8.8–9.3%) and -η1 (15.1–17.2%) isoforms (Table 2). Structural
analysis using the deduced amino acid sequences from the PoPLC-δ
family genes demonstrated that the PoPLC-δ isoforms contain a PH
domain, an EF-hand domain, catalytic X and Y domains, and a C2
domain similar to those found in mammalian PLC-δ isozymes [20,27]
(Fig. S2). The PoPLC-δ isoforms do not, however, contain either the
carboxyl-terminal extension, which is characteristic for the PLC-β
family [18], or the SH2 and SH3 domains that are hallmark of the PLC-
γ family [28]. Additionally, using the amino acid sequences of PoPLC-δFig. 1. The phylogenetic relationships of PoPLC-δ isoforms with human PLC families based
constructed using the neighbor-joining algorithm within MEGA (version 4.0). The degre
repetitions). The Ensembl ID numbers of the human PLC family sequences are given in Tabland human PLC isoforms, we created a phylogenetic tree that grouped
each PoPLC-δ isoform with a human PLC-δ isoform (Fig. 1). Taken
together, our results indicate that the PoPLC-δ genes cloned in this
study clearly encoded members of the PLC-δ family.
Interestingly, this study revealed that the olive ﬂounder genome
has two paralogous genes for each PLC-δ isoform, where only one
ortholog is present in tetrapods. In support of this ﬁnding, several
other studies have reported that more genes present in ﬁshes have
been duplicated early during the evolution of the ray-ﬁnned ﬁsh
lineage possibly as a consequence of a genome duplication event (ﬁsh-
speciﬁc genome duplication) [29]. Two scenarios could explain the
existence of two paralogous genes for each PLC-δ isoform in ﬁsh: the
result of genome duplication before the teleost radiation, or several
independent duplications on each lineage, after the respective species
diverged. To clarify which was the case, we utilized phylogenetic
methods to infer when duplication of the PLC-δ genes occurred. To
conduct this study, we performed a phylogenetic analysis that
incorporated all available PLC-δ family gene sequences (transcript or
protein sequences) from the teleost ﬁsh, frog, chicken, and human
genomes within the Ensembl database. Also, PLC-δ sequences from
tunicates (Ciona intestinalis and Ciona savignyi), a member of the
evolutionary origin of the chordate lineage that subsequently led to
the early vertebrates, were obtained from the Ensembl database and
incorporated into the phylogenic tree (Table 1). The sequence of ScPLC,
found in budding yeast (Saccharomyces cerevisiae), was used as an
outgroup control [30]. The phylogeny generated by the neighbor-
joining method, as shown in Fig. 2, is representative of similar
phylogenies generated using other methods.
In our phylogenetic tree (Fig. 2), all of the PoPLC-δ types shared a
phylogenetic origin with one of the human PLC-δs, with strong
bootstrap support (100% for PLC-δ1, 99% for PLC-δ3, and 89% for
PLC-δ4). This observation implied that the corresponding human and
olive ﬂounder PLC-δ isoforms might share a common ancestry
originating before the separation of mammals from ﬁsh. Importantly,
we successfully matched each PoPLC-δ isoform to a human PLC-δ
isoform and separated each PLC-δ group into two subclades, indicating
that duplication of each of the PLC-δ isoforms occurred within the ﬁsh
lineage. Furthermore, the PLC-δ sequences from bony vertebrateson deduced amino acid sequences. A phylogenetic tree of the aligned sequences was
e of conﬁdence for each branch point was determined by bootstrap analysis (1,000
e 1. HGS for human PLC family genes was presented in Table 1.
Fig. 2. Phylogenetic relationships of PoPLC-δ isoformswith other PLC-δ families. In this neighbor-joining phylogram, all individuals are represented and the branches are based on the
number of inferred substitutions, as indicated by the length of the bar. Bootstrap values from 1,000 replicates are indicated at the nodes. The Ensembl ID numbers of PLCδ sequences
described in the phylogram are presented in Table 1. PLCδ1 of mud loach (MlPLCδ1), recently reported from our group, was also used; the GenBank accession number is AAN08425
[27]. The arrows indicate the place where the genome duplication (GD) event occurred in the tree [11]. The PoPLC-δ isoforms are highlighted with boxes, whereas all ﬁsh PLC-δ
isoforms are marked as bold letters. HGS for human PLC family genes was presented in Table 1.
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sequences from tunicates (CiPLC-δ and CsPLC-δ), suggesting that the
PLC-δ genes from bony vertebrates display a common early vertebrate
ancestry. The transcript (cDNA) of other paralogs of PoPLC-δ4 was notcloned in this experiment, but in other ﬁshes including zebraﬁsh,
genes related to PLC-δ existed in two paralogous types for each
δ-family, and each of these genes was located in different chromo-
somes of each ﬁsh genome (Table 1). These results suggest that these
370 M.-S. Kim et al. / Genomics 92 (2008) 366–371genes were duplicated and now exist in each ﬁsh genome indepen-
dently, as well as PoPLC-δ4 being presumed to exist in the genome of
olive ﬂounder in two types. A PLC-δ1 sequence previously characte-
rized from ﬁsh, MlPLC-δ1 (from the mud loach) [27], was grouped into
the δ1B paralog group. In addition, to further explore whether the
duplicated two genes among other PLC families also exist in ﬁsh, we
searched other PLC family genes from ﬁsh genomic sequences in the
Ensembl database. Our results demonstrate that, similarly to PLC-δ
family genes, duplicated PLC-β and -η genes may also exist in teleost
ﬁsh (data not shown). The conclusions from the present study are
concurrent with the “one–two–four” (or 1–2–4) rule (recently
extending to the 1–2–4–8 rule by the discovery of an additional
genome duplication in the ﬁsh lineage), currently the most prevalent
model by which investigators explain the evolution of gene families
[3,29]. In accordance with this model, our inferred phylogeny of these
ﬁsh PLC-δ genes indicated that an ancestral PLC-δ gene underwent
three rounds of genome duplication during the evolution of
vertebrates, leading to six genes that correspond to three PLC-δ
isoforms (δ1, δ2, and δ4) in teleost ﬁsh (Fig. 3).
As stated previously, Irino et al. have suggested that PLC-δ2 is a
homolog of PLC-δ4, and that only three isozymes (δ1, δ3, and δ4) exist
in the PLC-δ family [23]. This suggestion raises the obvious question of
why PLC-δ2 was not present in the vertebrate genome. Three
possibilities exist, as outlined in Fig. 3. One possibility is that, after
the second round of genome duplication, PLC-δ2 was eliminated by
subsequent genomic rearrangements. Another possibility is that one
among the ancestors of the PLC-δ family after ﬁrst duplication
(PLC-δ(2, 4) in Fig. 3) was not duplicated in the second duplication.
This scenario is plausible if the second duplication round was a small-
scale genome duplication. A third possibility is that PLC-δ2, after two
rounds of duplication, was adopted as a neoprotein (or another PLC
isoform) as a result of positive selection for beneﬁcial mutations
(called neofunctionalization in Ref. [2]). In such a scenario, PLC-δ2
functionally and sequentially diverged from the PLC-δ genes over
time. To determine which of these possibilities is correct, PLC family
genes from the evolutionary links between chordates and vertebrates
(organisms such as amphioxus, lamprey, and cartilaginous ﬁsh) would
need to be identiﬁed and characterized completely.
In conclusion, utilizing the total RNA from several olive ﬂounder
tissues, we have identiﬁed ﬁve full-length cDNAs with high sequence
similarity to PLC-δ isoforms from other species. Furthermore, with the
exception of PoPLC-δ4, each PoPLC-δ gene had more duplicates than
PLC-δ family genes found in the other organisms (in particular,
tetrapods). We showed also that, in other ﬁshes including zebraﬁsh,
genes related to PLC-δ existed in two paralogous genes for each
δ-family, and each of these genes was located in a different
chromosome of each ﬁsh genome, suggesting that these genes wereFig. 3. Proposed scheme for the evolution of the ﬁsh PLC-δ family based on three rounds
of genome duplications. The arrows indicate the place where the genome duplication
event occurred in the tree. The timing of all three genome duplication events was based
on Ref. [11].duplicated and now exist in each ﬁsh genome independently. As the
result, we suspect that these paralogs are the result of ﬁsh-speciﬁc
genome duplication (FSGD). Because most of the existing PLC research
has focused on mammalian systems, with only a few studies
concerning PLC in aquatic organisms, the present report will aid
signiﬁcantly in designing further research on PLC-δ in ﬁsh. Additio-
nally, the identiﬁcation of PLC-δ homologs in various organisms will
contribute to providing information concerning PLC functions and
their characterization. Our research group will continue to research
the enzymatic functions and characteristics of the ﬁsh PLC-δ paralogs
reported herein.
Materials and methods
Identiﬁcation of PLC-δ family cDNAs from olive ﬂounder
Total RNA was extracted from several olive ﬂounder tissues using
TRIzol (Invitrogen) according to the manufacture’s instructions. The
isolated RNAwas used as the template to synthesize ﬁrst-strand cDNA
using a SuperScript First-Strand kit (Invitrogen). Reverse transcription
was carried out at 42 °C for 60 min. The resulting cDNAwas utilized to
clone initial cDNA fragments, corresponding to each PLC-δ gene, by
nested PCR ampliﬁcation (Fig. S1). Primers for amplifying each initial
cDNA fragment were designed from highly conserved regions in the
PLC-δ family genes of teleost ﬁsh and other vertebrates stored in the
genome database (Ensembl Genome Browser, http://www.ensembl.
org) (Tables 1 and S1). The primer set for amplifying each initial cDNA
fragment was used in the ﬁrst round PCR of the nested PCR (Table S1).
The reaction mixture contained 1 μl of cDNA, 10 pmol of each primer,
2.5 mM dNTP mix, 2.5 units of Taq polymerase (Promega), and the
manufacturer’s buffer, in a ﬁnal volume of 50 μl. PCR was conducted
under the following conditions: initial denaturation for 3 min at 94 °C,
followed by 35 cycles of a 30-s denaturation step at 94 °C, a 1-min
annealing step at 50 °C, and a 1-min extension step at 72 °C, with a
ﬁnal 10-min extension step at 72 °C. The PCR product was
subsequently used as the template for the second round of nested
PCR, using primer sets corresponding to each PLC-δ gene, as indicated
(Table S1). Ampliﬁed gene products were separated by 1% agarose gel
electrophoresis, puriﬁed, ligated, and cloned into pGEM-T Easy vector
(Promega). DNA sequencing was then conducted according to the
BigDye Terminator Cycle Sequencing method, using an automated ABI
377 sequencer (Perkin Elmer).
To identify the full-length coding region of the isolated PLC-δ genes
by rapid ampliﬁcation of cDNA ends (RACE), we used a SMART RACE
cDNA Ampliﬁcation kit (Clontech laboratories, Inc.) according to the
manufacturer’s instructions (Fig. S1). Using sequences obtained above
from each of the initial cDNA fragments, new gene-speciﬁc sense and
antisense primers were designed for the 5′- and 3′-RACE reactions
(Table S1). After completion of the 3′- and 5′-RACE reactions, the
resulting PCR products were cloned into pGEM-T Easy vector
(Promega) and then sequenced as above.
Sequence and phylogenetic analysis
Nucleotide and predicted protein sequences were analyzed using
DNAsis for Windows version 2.5 (Hitachi software engineering),
BioEdit sequence alignment editor version 5.0.9 [31], and BLAST
programs in nonredundant databases of the National Center for
Biotechnology Information (NCBI BLAST, http://www.ncbi.nlm.nih.
gov/BLAST/). For phylogenetic analyses, the protein and DNA
sequences of the cloned PoPLC-δs were aligned with PLC-δs of other
species obtained from the Ensembl genome database (http://www.
ensembl.org), using the CLUSTAL W version 1.8 [32], as implemented
in BioEdit [31]. Extensive modeling was performed using BLOSSUM
and PAM matrices that employed varying gap-open and gap-
extension penalties. Phylogenetic analyses were carried out with
371M.-S. Kim et al. / Genomics 92 (2008) 366–371MEGA 4 software using the resulting multiple sequence alignment
[33]. The neighbor-joining method was applied to calculate the
phylogenetic trees from the distance matrices, while the degree of
statistical support for the nodes on the minimum evolution tree was
evaluated by examining their percent recovery in 1,000 resample trees
by the bootstrap test.
Acknowledgment
This research was supported by a grant from Marine Bioprocess
Research Center of the Marine Bio 21 Center funded by the Ministry of
Maritime Affairs & Fisheries, Republic of Korea.
Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.ygeno.2008.07.012.
References
[1] B. Venkatesh, Evolution and diversity of ﬁsh genomes, Curr. Opin. Genet. Dev. 13
(2003) 588–592.
[2] J. Postlethwait, A. Amores, W. Cresko, A. Singer, Y.-L. Yan, Subfunction partitioning,
the teleost radiation and the annotation of the human genome, Trends Genet. 20
(2004) 481–490.
[3] A. Meyer, M. Schartl, Gene and genome duplications in vertebrates: the one-
to-four (-to-eight in ﬁsh) rule and the evolution of novel gene functions, Curr.
Opin. Cell Biol. 11 (1999) 699–704.
[4] Y. Van de Peer, J.S. Taylor, J. Joseph, A. Meyer, Wanda: a database of duplicated ﬁsh
genes, Nucleic. Acids Res. 30 (2002) 109–112.
[5] K. Vandepoele, W. De Vos, J.S. Taylor, A. Meyer, Y. Van de Peer, Major events in the
genome evolution of vertebrates: paranome age and size differ considerably
between ray-ﬁnned ﬁshes and land vertebrates, Proc. Natl. Acad. Sci. U. S. A. 101
(2004) 1638–1643.
[6] A. Amores, A. Force, Y.-L. Yan, C. Amemiya, A. Fritz, R.K. Ho, L. Joly, J. Langeland, V.
Prince, Y.-L. Wang, M. Westerﬁeld, M. Ekker, J. Postlethwait, Genome duplications
in vertebrate evolution: Evidence from zebraﬁsh Hox clusters, Science 282 (1998)
1711–1714.
[7] V. Prince, The Hox paradox: More complex(es) than imagined, Dev. Biol. 249
(2002) 1–15.
[8] K.D. Crow, P.F. Stadler, V.J. Lynch, C. Amemiya, G.P. Wagner, The "Fish-Speciﬁc" Hox
cluster duplication is coincident with the origin of teleosts, Mol. Biol. Evol. 23
(2006) 121–136.
[9] J.-N. Volff, M. Schartl, Evolution of signal transduction by gene and genome
duplication in ﬁsh, J. Struct. Funct. Genomics 3 (2003) 139–150.
[10] D.M. Irwin, A second insulin gene in ﬁsh genomes, Gen. Comp. Endocrinol. 135
(2004) 150–158.
[11] R.N. Finn, B.A. Kristoffersen, Vertebrate vitellogenin gene duplication in relation to
the “3R Hypothesis”: Correlation to the pelagic egg and the oceanic radiation of
teleosts, PLoS One 2 (2007) e169.[12] O. Jailon, J.M. Aury, F. Brunet, J.L. Petit, N. Stange-Thomann, E. Mauceli, et al.,
Genome duplication in the teleost ﬁsh Tetraodon nigroviridis reveals the early
vertebrate proto-karyotype, Nature 431 (2004) 946–957.
[13] W.S. Fitch, Distinguishing homologous from analogous proteins, Syst. Zool. 19
(1970) 99–113.
[14] E.V. Koonin, Orthologs, paralogs, and evolutionary genomics, Annu. Rev. Genet. 39
(2005) 309–338.
[15] M.J. Rebecchi, S.N. Pentyala, Structure, function, and control of phosphoinositide-
speciﬁc phospholipase C, Physiol. Rev. 80 (2000) 1291–1335.
[16] S.B. Lee, S.G. Ree, Molecular cloning, splice variants, expression, and puriﬁcation of
phospholipase phospholipase C-δ4, J. Biol. Chem. 271 (1996) 25–31.
[17] W.K. Lee, J.K. Kim, M.S. Seo, J.H. Cha, K.J. Lee, H.K. Rha, D.S. Min, Y.H. Jo, K.H. Lee,
Molecular cloning and expression analysis of a mouse phospholipase C-delta1.
Biochem, Biophys. Res. Commun. 261 (1999) 393–399.
[18] R.L. Williams, Mammalian phosphoinositide-speciﬁc phospholipase C, Biochim.
Biophys. Acta 1441 (1999) 255–267.
[19] I. Lopez, E.C. Mak, J. Ding, H.E. Hamm, J.W. Lomasney, A novel bifunctional
phospholipase C that is regulated by Gα12 and stimulates the Ras/mitogen-
activated protein kinase pathway, J. Biol. Chem. 276 (2001) 2758–2765.
[20] S.G. Rhee, Regulation of phosphoinositide-speciﬁc phospholipase C, Annu. Rev.
Biochem. 70 (2001) 281–312.
[21] C. Song, C.-D. Hu, M. Masago, K.-I. Kariya, Y. Yamawaki-Kataoka, M. Shibatohge,
D. Wu, T. Satoh, T. Kataoka, Regulation of a novel human phospholipase C, PLCε,
through membrane targeting by Ras, J. Biol. Chem. 276 (2001) 2752–2757.
[22] C.M. Saunders, M.G. Larman, J. Parrington, L.J. Cox, J. Royse, L.M. Blayney, K. Swann,
F.A. Lai, PLCζ: a sperm-speciﬁc trigger of Ca2+ oscillations in eggs and embryo
development, Development 129 (2002) 3533–3544.
[23] Y. Irino, H. Cho, Y. Nakamura, M. Nakahara, M. Furutani, P.-G. Suh, T. Takenawa, K.
Fukami, Phospholipase C δ-type consists of three isozymes: bovine PLCδ2 is a
homologue of human/mouse PLCδ4, Biochem. Biophys. Res. Commun. 320 (2004)
537–543.
[24] J.-I. Hwang, Y.-S. Oh, K.-J. Shin, H. Kim, S.H. Ryu, P.-G. Suh, Molecular cloning and
characterization of a novel phospholipase C, PLC-η, Biochem. J. 389 (2005) 181–186.
[25] M. Nakahara, M. Shimozawa, Y. Nakamura, Y. Irino, M. Morita, Y. Kudo, K. Fukami,
A novel phospholipase C, PLCη2, is a neuron-speciﬁc isozyme, J. Biol. Chem. 280
(2005) 29128–29134.
[26] M. Katan, Families of phosphoinositide-speciﬁc phospholipase C: structure and
function, Biochim. Biophys. Acta 1436 (1998) 5–17.
[27] M.-S. Kim, J.S. Seo, G.E. Choi, S.U. Lim, J.K. Chung, H.H. Lee, Molecular cloning and
expression analysis of phospholipase Cδ from mud loach, Misgurnus mizolepis,
Comp. Biochem. Physiol. B. Biochem. Mol. Biol. 139 (2004) 681–693.
[28] T. Furuya, C. Kashuba, R. Docampo, S.N. Moreno, A novel phosphatidylinositol-
phospholipase C of Trypanosoma cruzi that is lipid modiﬁed and activated during
trypomastigote to amastigote differentiation, J. Biol. Chem. 275 (2000) 6428–6438.
[29] A. Meyer, Y. Van de Peer, From 2R to 3R: evidence for a ﬁsh-speciﬁc genome
duplication (FSGD), BioEssays 27 (2005) 937–945.
[30] J.S. Flick, J. Thorner, Genetic and biochemical characterization of a phosphatidy-
linositol-speciﬁc phospholipase C in Saccharomyces cerevisiae, Mol. Cell Biol. 13
(1993) 5861–5876.
[31] T.A. Hall, BioEdit: a user-friendly biological sequence alignment editor and
analysis program for Windows 95/98/NT, Nucleic Acids Symp. Ser. 41 (1999)
95–98.
[32] J.D. Thompson, D.G. Higgins, T.J. Gibson, CLUSTAL W: improving the sensitivity of
progressivemultiple sequence alignment through sequenceweightingposition-speciﬁc
gap penalties and weight matrix choice, Nucleic Acids Res. 22 (1994) 4673–4680.
[33] K. Tamura, J. Dudley, M. Nei, S. Kumar, MEGA4: Molecular Evolutionary Genetics
Analysis (MEGA) software version 4.0, Mol. Biol. Evol. 24 (2007) 1596–1599.
